Energy loss due to the wall skin friction in a turbomachinery impeller is directly related to the mechanical efficiency. Generally, the flow is modeled as a flow around an enclosed rotating disk, and we can estimate the energy loss of the impeller by applying the analytical or experimental results of the friction moment for a rotating disk. Several analytical and experimental studies have been performed in order to examine the friction moment and reduce the skin friction drag. The flow behavior of the boundary layer on the rotating disk surface is strongly affected by the vortices that are formed the spiral streak for the disk rotation stationary. In order to reduce the drag caused by disk friction, the behavior of the vortices in the boundary layer must be controlled. In the present study, the drag reduction phenomena of an enclosed rotating disk were clarified experimentally using a disk with several fine spiral grooves made by a wet etching process. Experiments were carried to measure the frictional moment of a disk having 120~160 fine spiral grooves, the depths of which ranged from 100~200 µm, in Newtonian fluids. The shape of the grooves was obtained by referring to spiral streaks in the boundary layer. The Reynolds number range is 4×10 4 < Re < 6×10 5 .
Introduction
The frictional resistance of a rotating disk is closely related to the mechanical energy loss of an impeller of a turbomachine, which are found virtually everywhere in the civilized world. Generally speaking, the energy loss of the impeller based on the skin friction is calculated by applying the analytical or experimental results of the frictional moment coefficient of a rotating disk. If we can reduce the fluid friction of the disk, the efficiency of a turbomachine can be achieved. As such, in recent years, a number of studies have examined the drag reduction of a flow around a rotating disk.
The drag reduction technique in the passive control is divided into two categories by changing the physical property of the fluid or the solid surface. The former method is obtained by adding drag reducing additives to the fluid. A large drag reduction ratio can be achieved by adding a high molecular polymer (1) to a liquid. The drag reduction of surfactant solution (2) has also been obtained. However, practically, this drag reduction is very difficult to apply to a turbomachine in the general operating state, because of the degradation of the polymer or the effect on the environment in the case that the surfactant solutions leak. Thus, in the latter method, it is suitable to change the physical properties of the disk surface for practical application to a turbomachine. One such application involves the surface of a highly water-repellent wall (3) , (4) at which fluid slip occurs. However, a number of problems remain regarding this application, because fluid slip does not occur at high Reynolds numbers and the application is limited to liquid flows only. Although a surface covered by riblets (5) or concentric circular grooves (6) has considerable resistance to wear, for these surfaces, a rotating disk surface is ineffective for the reduction of turbulent drag because the flow pattern and the transition from laminar to turbulent flow differ for the flow behavior in the boundary layer. The boundary layer flow on a rotating disk has co-rotating vortices near the surface and the vortices form regular spiral streaks because of the three-dimensional boundary layer. Thus, the drag reduction of skin friction can be considered to be achievable if we can control the flow behavior by changing the disk surface condition. Kármán (7) reported that the velocity profiles near a rotating disk are of a three-dimensional boundary layer type. Gregory et al. (8) demonstrated streaks in the form of equiangular spirals on the surface by the china-clay technique using a flow visualization method, and reported that a vortex system is generated in the region of flow upstream of the flow transition by a rotating disk. Such traces appear to indicate the presence of stationary vortices in the boundary layer. They reported the number of vortices to range from 113 to 140 based on their analysis. Kato et al. (9) have demonstrated the patterns of the vortices near the surface of an enclosed rotating disk by an oil film technique. Furthermore, the flow angle agrees with Kármán's analytical result in the laminar flow range and the angle decreases with the increase of the Reynolds number in the turbulent flow range. Turning to previous studies on the boundary layer problem, the drag reduction phenomena will occur in the flow due to the presence of a rotating disk if the shape of the disk surface modifies the diffusion of the stationary vortices. Based on the flow visualization results, we attempted to control the vortices in the boundary layer using fine spiral grooves on the disk surface. Therefore, the objectives of the present study are to experimentally obtain a new type of drag reduction on an enclosed rotating disk with fine spiral grooves in order to reduce the skin friction of the impeller of a turbomachine and to clarify the mechanism of the drag reduction phenomena using a flow visualization technique and velocity profile measurements.
Experimental apparatus and method

1 Test disk
Fluid in the boundary-layer over a rotating disk surface flows with a constant flow angle. Spiral streaks in the flow pattern on the surface can be observed by the flow visualization oil film technique, as reported by Kato et al. (9) (Fig. 1) . By considering this flow pattern, we prepared a disk with spiral grooves on one surface by an etching process. The shape of this fine spiral groove, shown in Fig. 2 , was assumed to be along the following logarithm spiral curve:
where φ is the flow angle, r 1 is a constant, and r and θ are the polar coordinates of the curve. The flow angle φ is the ratio of the wall shear stresses in the tangential and radial directions. The angle of the grooves, φ, was obtained from experimental results, (9) which determine the flow angle as a function of the Reynolds number:
The flow angle at every radial location can be obtained using Eq. (2), and the flow angle value can be substituted into Eq. (1) to obtain the groove trajectory. In Eq. (2), Re L is obtained by assuming the rotational speed of the disk, N, to be 1,500 rpm and using the physical constants of tap water at 20°C. Figure 3 shows a photograph of the actual fine spiral grooves in the rotating disk, and the dimensions of the grooves are listed in Table 1 .
The test disk is made of aluminum. In addition to the disk with a flow angle of φ, as mentioned above, in the present study, we also used disks with three different types of flow angle grooves. We used a disk with a flow angle of φ = 39.6° from Cochran's (10) exact solution for the laminar regime, and for comparison we also used disks with flow angles of φ = 25° and 45°. We investigated the influence of the number, n, height, h, and flow angle, φ, of the grooves by preparing several types of disks, as shown in Table 1 . 
2 Torque measurement
Experiments were carried out the torque measurement, the velocity measurement and the flow visualization by using each experimental apparatus. Experimental data of the torque were obtained for the axial clearances between the disk and the stationary circular end wall of (s/a) = 0.011, 0.033, 0.11, 0.22, and 0.33. The range of Reynolds numbers for the torque test was 3×10 4 ~ 7×10 5 . Figure 4 shows the experimental apparatus for the measurement of the torque acting on one surface of the disk. Two D-C motors ⑭ served as the drive unit, and two shaft speeds were controlled by means of a control unit ⑰ attached to the D-C motors. The first motor was directly coupled to shaft 1 ⑧, to which an interchangeable disk ② could be attached, and the other motor was directly coupled to shaft 2 ⑨, to which a support disk ③ was attached. A bronze support disk ③ covered one surface and the edge of the tested disk. The axial and radial gaps between the tested disks and the support disks were both 3 mm. The support disk was rotated at the same speed and direction as the tested disk by controlling the D-C motors. Thus, the torque acting on one side of the rotating disk could be measured directly using strain gages cemented to the top of the shaft. The value of the torque can be read from the strain meter ⑯. The torque measurement device was calibrated by applying a known static torque to the shaft, and the nonlinear error and hysteresis were 0.23 and 0.28%, respectively. The clearance, s between the disk and the side wall ⑤ was varied between 1, 3, 10, 20, and 30 mm by using five pairs of spacers ④ and a housing ⑦.
The test fluids were tap water, and aqueous solutions of glycerin with concentrations of 20 and 30 wt%, which were both Newtonian fluids. The test fluid was placed gently into the cylindrical housing from a small hole under the housing. The fluid temperature was measured by a thermometer at the beginning and end of the experiment. The maximum difference was 0.5°C. The rotating test disk was constructed from aluminum, and its diameter and thickness are 180 and 3 mm, respectively.
The flow visualization results were obtained using an enclosed rotating disk apparatus that the part of the right side of its apparatus in Fig 4 was removed. In Fig. 4 , the support disk ③ was removed and replaced with the rotating test disk ②, and the side plate ⑥ was replaced with a transparent acrylic resin. The number, n, and depth, h, of the fine spiral grooves are 150 and 0.1 mm, respectively. The axial clearances between the disk surface and the side plate were 1 and 20 mm. Therefore, in this experiment, the non-dimensional axial clearance ratios were (s/a) = 
3 Velocity profile measurement
The velocity profile and fluctuation of the flow on a rotating disk were measured using the experimental apparatus shown in Fig. 5 . The experimental system essentially consists of a D-C motor driven at 50 ~ 2,000 rpm, a cylindrical casing, a rotating disk, and a side plate with a holder for the hot-wire anemometer. Both the cylindrical casing and the side plate are made of acrylic resin, while the rotating disks are made of aluminum. Test fluids are air, the temperature of which was measured by a thermometer located on the side plate. Two rotating disks, one smooth and one with grooves, were tested under the same Reynolds number for the torque and the velocity measurements experiments. The grooved disk has a diameter and thickness of 400 and 5 mm, respectively. The number, n, and depth, h, of the grooves are 150 and 0.1 mm, respectively, whereas the flow angle and width of the ribs are the same as those used in the torque measurement. The axial clearance, s, between the rotating disk and the side plate was kept constant at 44 mm throughout the experiment. Therefore, in this experiment, the clearance ratio was (s/a) = 0.22. A series of mean radial and tangential velocity measurements were made. The minimum distance between the probe and the disk surface was 0.2 mm. The measurement was conducted using a constant-temperature hot-wire anemometer probe. The diameter of the hot wire was 4 µm, and the wire was constructed of fine quartz with a platinum film on the outer surface. The sensible length of the film was 1 mm (Kanomax model 0251R-T5). To obtain the radial and tangential velocities at each location, the probe orientation was adjusted by rotating the probe about its axis. The velocity fluctuations in the laminar, transition, and turbulent boundary layer were analyzed by means of a frequency analyzer.
Results and discussion
Experimental results for the moment coefficient C m for the cases of the small clearance (s/a) = 0.011 and the large clearance (s/a) =0.22 are shown in Figs. 6 and 7, respectively. The flow modes in the fluid between the disk and side plate are different for the different clearances. The boundary layers on the disk and side plate surface are merged in the case of (s/a) = 0.011 so that a continuous variation in velocity exists across the axial clearance. In the case of (s/a) = 0.22, a fluid core region, which experiences no change in velocity, is expected to occur between the boundary layers on the disk and side plate surface. The solid lines in these figures indicate the moment coefficient obtained using the experimental Figure 6 indicates that in the laminar region, for both the smooth disk and the disk with grooves, the slope is in good agreement with the formula, but there is a discrepancy in the value which might be precipitated by the (s/a) value, where (s/a) in this experiment is smaller than that in the formula. No drag reduction occurs in this laminar region. The transitions of the laminar to turbulent flow does not occur suddenly, but appears to be related to the fact that the value of (s/a) = 0.011 is already close to the large gap value, where the separate boundary layer and secondary flow are present. The secondary flow, also described as the fluid core between the disk and the side plate, imposes a different degree of external turbulence and a different radial pressure of the disk boundary layer. The latter subjects the radial flow to an adverse pressure gradient, while the former is expected to affect the transition, because the boundary layer is fed from the face of the rotating core to compensate for the radial outflow. This secondary flow has a progressive vortex movement effect on the center of rotation. The vortices occur in the flow at the critical Reynolds number, despite the flow remaining laminar. These vortices are thought to be very weak at the time of generation, which explains their ability to cause an abrupt increase in the frictional moment. Whereas in the turbulent region, the slope and value of the moment coefficient for a smooth disk are in good agreement with the formulae, which means that the influence of (s/a) is not significant for the friction moment C m when Re is as large as that in the turbulent region.
Drag reduction occurs for the disks with n = 150 and 155 for depths of 0.1 and 0.2 mm when Re > 1×10 5 . The rate becomes small as the Reynolds number increases. The influence of the groove depth (h = 0.1 or 0.2 mm) on the friction moment coefficient is not significant. The effectiveness of grooves having a certain width, height and flow angle, which can be fitted with the characteristics of the flow, such as the size of the vortices and the thickness of the boundary layer, can be considered to be suitable for controlling a . In these figures, the drag reduction ration, DR, is given as follows:
where C ms and C mg are the friction moment coefficients of the smooth and spiral grooved disks, respectively. The effective numbers of grooves for the drag reduction are in the range of 145 < n < 155 for both the small and large clearances.
When the axial clearance ratio is (s/a) = 0.011, a drag reduction occurs for 8×10 4 < Re < 6×10 5 . The drag reduction has a maximum value of 15% at approximately Re = 1.8×10 5 , and the rate of drag reduction decreases gradually as the Reynolds number increases. The effect of the drag reduction, approximately 7% for the disk with n = 150, is still significant at Re = 6×10 5 . This phenomenon shows that for the small clearance axial gap for certain geometry of the rotating disk, a drag reduction may occur over the entire surface of the disk if the flow over the entire surface of the disk is turbulent. On the other hand, for the large clearance, (s/a) = 0.22, the drag reduction occurs rapidly in a very narrow range, 3.4×10 5 < Re < 4×10 5 , which means that the extension of the laminar regime is very short, as shown in Fig. 8 . The maximum value of the drag reduction ratio obtained for n = 144 with Re = 3. Table 1 . The results indicate that for disks with the constant groove angles φ = 25°, 39.6°, and 45° with h = 0.1 mm and n = 120 and 144, the drag increases approximately 10% compared to the smooth disk in the turbulent region. This suggests that there is no drag reduction for frictional resistance for a rotating disk with a grooved surface for a constant flow angle. In order to grasp the mechanism of the drag reduction, the flow pattern near the disk surface is clarified using a flow visualization technique. Figures 9(a) and (b) show the results obtained using the tracer technique for smooth and grooved disks. In these figures, the disk is rotated clockwise and at Re = 1.2×10 5 and 2.5×10 5 for (s/a) = 0.011 and 0.22, respectively. In this case, for (s/a) = 0.011, the turbulent flow region is at Re = 1.0×10 5 , and
Daily and Nece (12) reported that the transition to a turbulent flow began at Re = 3×10 5 for (s/a) = 0.22. As shown in Fig. 9 (a), a local vortex occurs at the flow near the surface of a rotating disk for the smooth disk. The vortex generation depends on the strength of the secondary flow and the causes of the turbulent flow over a wide range, according to the increase of the disk rotation. In the case of the disk with spiral grooves, the flow shows a stripe pattern of a ring and a local vortex, which does not appear in the case of the smooth disk. The flow pattern occurs at Re = 9×10 4 before the appearance of the local vortex in the case of the smooth disk. Thus, the spiral grooves on the surface can be considered to suppress the generation of the local vortex in the flow range. In Fig. 9(b) , for the large clearance case, the streaks appear to be stronger than those in Fig. 9(a) , and some white stripes are recognized in the transitional flow range of the boundary layer flow on the disk surface for the smooth disk. The stripe appears as a result of the spiral vortex in the transition range. (13) This changes into a long thin stripe in the flow of the grooved disk. The grooves suppress the extent of the transitional flow near the disk surface, and, as a result, a drag reduction occurs in the range of the transitional flow. Figure 10 shows the results of the velocity profile for (s/a) = 0.22 at N = 1,500 rpm, Re L = 1.88×10 5 . The dashed and solid lines represent the empirical formula of the velocity distributions of laminar (12) and turbulent flows (14) , respectively, for a smooth disk. The tangential and radial velocity profiles of the grooved disk are smaller than those of the smooth disk. In other words, the secondary flow is suppressed and the transition region is decelerated. The result agrees qualitatively with the flow visualization results. ν / * + = wv s (4) ν / * + = hv h (5) where w, h, v*, and ν, are the groove width, groove depth, friction velocity, and kinematic viscosity, respectively. If we calculate these non-dimensional parameters of the shape of the spiral grooves, the drag reduction ranges of these non-dimensional parameters are obtained as 7 < h + < 35 and 20 < s + < 110, respectively. These ranges are larger than those given by Walsh. (5) On the other hand, the drag reduction has also been reported to occur in the region of s + < 200. However, the problem remains as to whether these results are applicable to the flow on the spiral grooves, i.e., the drag reduction mechanism of the riblets, because the flow, in which the centrifugal force acts, is three-dimensional. Alternatively, the spiral vortices on the disk surface can be considered to be strongly affected by the grooves. Thus, it is very important to determine the shape of the spiral grooves. The distance from the disk surface is substituted for the flow angle because the boundary-layer is three-dimensional. Although the shape of the spiral grooves was decided by the experimental results of an oil film pattern of 50-µm thickness, (9) it is necessary to clarify the optimality of the shape based on the behavior of spiral vortices, including the drag reduction mechanism.
Summary
Using a disk with spiral grooves, the shape of which correspond to the spiral streaks of the stationary vortices, for disk rotation, the drag reduction of a rotating disk was achieved experimentally. In the case of the small clearance (s/a) = 0.011, drag reduction of the moment coefficient occurs in the range of 10 5 <Re<6×10 5 , and the maximum drag reduction ratio is approximately 15%. In the case of the large clearance (s/a)>0.22, in which a fluid core exists in the clearance, the spiral grooves are effective for delaying the transition from a laminar flow to a turbulent flow, and the drag reduction of the maximum drag reduction ratio of 11% occurs in the range of 3×10 5 <Re<4×10 5 . The case in which n = 150 and h = 0.1 mm is the most effective for drag reduction, and for the case in which n = 160, no drag reduction occurs. Flow visualization and velocity measurements revealed that the local 
